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Abstract

Based on the dual-pilot policies established under China’s 2012 Ambient Air Quality
Standards and the “Broadband China” strategy, this paper utilizes panel data from
289 prefecture-level cities spanning 2000-2023 and employs a multi-period difference-
in-differences model to examine how environmental information transparency affects
urban green innovation performance. The results indicate that the joint implementation
of the two policies is associated with significant improvements in both the quantity and
the quality of urban green innovation. Mechanism analysis indicates that the effects of
dual-pilot policies on green innovation operate through heightened public environmental
attention, stronger environmental compliance pressure, and improved resource allocation.
Comparative analysis further shows that, relative to cities covered by only one of the
two policies, dual-pilot cities experienced more pronounced gains in green innovation,
consistent with the argument that policy synergy and informational complementarity
strengthen institutional effectiveness. By demonstrating that environmental information
transparency, realized through the complementary operation of disclosure mandates and
digital infrastructure, can simultaneously expand the scale and elevate the quality of green
innovation, this paper provides empirical evidence to inform the design of integrated
policy mixes that combine governance and technology in emerging economies pursuing
green transformation.

Keywords: environmental information transparency; dual-pilot policies; institutionalized
disclosure of environmental information; digital infrastructure; green innovation

1. Introduction

Escalating global environmental crises, including climate change [1], biodiversity
loss [2], and pollution [3,4], threaten both ecological stability and sustainable development.
Against this backdrop, green innovation has emerged as a central strategy for reconciling
environmental sustainability with economic growth [5]. Through advances in clean produc-
tion technologies [6], pollution abatement systems [7], and circular economy models [8],
green innovation provides a viable pathway toward sustainable development.

However, the rapid expansion of green innovation in quantity has outpaced its sub-
stantive improvement in quality [9]. This imbalance is driven by the high research and
development costs of green innovation and its dual externalities. Specifically, knowl-
edge spillovers and the positive externalities of environmental improvement erode the

Sustainability 2026, 18, 6566

https://doi.org/10.3390/sul8136566


https://crossmark.crossref.org/dialog?doi=10.3390/su18136566&domain=pdf&date_stamp=2026-06-29
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://doi.org/10.3390/su18136566

Sustainability 2026, 18, 6566

2 of 28

innovation incentives of micro-level actors [10], and may encourage superficial innova-
tion practices such as greenwashing [11]. Consequently, addressing the development
dilemma of emphasizing quantity over quality has become a central issue in advancing
green transformation.

Grounded in new institutional theory, a growing body of research has examined the
role of governmental environmental constraints and public environmental participation
in shaping green innovation. One stream of the literature focuses on formal institutional
pressures exerted by the government. Studies in this tradition argue that both command-
and-control environmental regulations [12] and market-based regulatory instruments, such
as emissions trading schemes [13,14] and environmental protection taxes [15,16], exert
regulatory pressure that compels firms towards green innovation. Another research per-
spective emphasizes informal institutional pressures arising from public environmental
participation. Through channels such as voting, reporting pollution to environmental
authorities, and relocation decisions, the public expresses environmental concerns that
can influence the decisions of both governments and firms. Public participation may also
operate through capital markets, with investment choices that reward environmentally
responsible firms [17,18], thereby encouraging green transformation [19,20]. Public par-
ticipation can encourage governments at all levels to strengthen environmental policy
design and enforcement, and may also motivate firms to adopt cleaner production practices
and increase investment in green technology research and development. However, the
extent to which both governmental constraints and public participation can promote green
innovation depends on the timely acquisition and broad sharing of environmental infor-
mation. Environmental information transparency facilitates more targeted environmental
policymaking by governments, more informed decision-making by the public, and more
responsive adjustments in technology and production processes by firms.

Research on the effect of institutionalized disclosure of environmental information
on green innovation remains at an early stage, although scholarly attention paid to this
topic has grown steadily. Specifically, the relationship between institutionalized disclosure
of environmental information and green innovation has attracted increasing empirical
interest. Several studies using environmental information disclosure indices released by the
Institute of Public and Environmental Affairs and the Natural Resources Defense Council
have documented a positive association between institutionalized disclosure of environ-
mental information and urban green innovation [21,22]. Research based on environmental
information disclosure data from listed companies has yielded complementary evidence.
A parallel body of work has examined the implementation outcomes of the Ambient air
quality standards (AAQS-2012) from an information disclosure perspective. These studies
have documented how the public release of air quality data triggers avoidance behaviors,
generates economic value [23,24], and may encourage green innovation activities among
firms [25]. The Broadband China (BC) policy, a national initiative for digital infrastruc-
ture development, has likewise attracted considerable research attention. Studies have
documented the policy’s contribution to expanding broadband infrastructure [26-30]. The
expansion of digital networks and information technology has been found to lower infor-
mation barriers, improve communication efficiency, and reduce the cost of information
acquisition, thereby broadening the reach of information dissemination. Related research
indicates that the BC policy is associated with stronger green innovation outcomes, partly
through the strengthening of external monitoring mechanisms [31]. Additional studies
suggest that internet expansion under this policy may support green innovation research
and development through several pathways, including deeper financing mechanisms [32],
accelerating talent agglomeration [30,32-34], more efficient resource allocation [35], and
stronger innovation collaboration [36]. Taken together, these effects may provide finan-
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cial resources, talent, and allocative efficiency that contribute to improvements in green
innovation performance.

China’s institutional context offers a suitable setting for examining how environmental
information transparency relates to green innovation. The country has built an extensive
digital governance platform that supports environmental data collection, integration, public
access, and enforcement. In the 2024 UN E-Government Survey, China ranked 11th globally,
and its Online Service Index reflects considerable technical capacity for environmental data
disclosure and multi-channel dissemination. China’s centralized environmental gover-
nance architecture also helps to address transparency barriers such as data fragmentation
and accountability gaps. This is achieved through mandatory enterprise-level connectivity
to monitoring networks, standardized reporting protocols, and cross-departmental data
sharing. In this paper, environmental information transparency is defined as an integrated
construct comprising two interdependent dimensions, namely the institutionalized disclo-
sure of environmental information and the digitalized dissemination of that information.
These two dimensions are best understood as sequential links in a single information
flow chain, rather than as independent contributors to transparency. Disclosure without
dissemination renders environmental data technically available yet practically inaccessible
to the public and firms, while dissemination infrastructure without authoritative disclosure
carries no actionable environmental content. A complete information flow chain requires
both dimensions, enabling environmental information to inform the decisions of govern-
ments, the public, and enterprises. Although a growing body of scholarship has recognized
the contribution of each dimension individually to green innovation, the two have been
examined largely in isolation. The role of environmental information transparency as a
unified, dual-dimensional construct in expanding the scale and elevating the quality of
green innovation has yet to receive systematic empirical attention.

To address this gap, this paper selects the AAQS-2012 and the BC policy as a joint
quasi-natural experiment. The AAQS-2012, jointly issued by the Ministry of Environmental
Protection and the General Administration of Quality Supervision, Inspection and Quar-
antine, mandated for the first time in China the construction of a nationwide real-time air
quality monitoring network with standardized pollutant indicators and compulsory public
disclosure requirements, thereby establishing the institutionalized supply of environmental
information. The BC strategy, promulgated by the State Council, funded large-scale fiber-
optic deployment, expanded mobile broadband coverage, and reduced connectivity costs,
thereby providing the digitalized dissemination channel for environmental information.
Although the two policies were designed by separate government bodies with distinct
objectives, they correspond precisely to the two core dimensions of environmental infor-
mation transparency identified above. Within the information flow chain, the two policies
are not independent of each other but sequentially linked. Implementing either policy in
isolation risks interrupting the transmission of environmental information and weakening
the effectiveness of environmental governance. Only when both policies operate jointly
can a bidirectional and unobstructed information transmission mechanism be established,
ensuring the effective implementation of environmental governance. The joint operation of
the two policies therefore constitutes the de facto realization of environmental information
transparency. Methodologically, the staggered implementation of the two policies across
cities generates spatial-temporal variation that supports a difference-in-differences (DID)
identification strategy.

Consequently, this research addresses three pivotal inquiries: whether environmental
information transparency effectively catalyzes green innovation performance; if such cat-
alytic effects exist, whether they manifest predominantly through quantitative expansion
or qualitative enhancement of innovation; and through what underlying mechanisms
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these effects operate. To interrogate these propositions, our study leverages panel data
encompassing 289 prefecture-level and higher cities across China from 2000 to 2023. Lever-
aging the rollout of the AAQS-2012 and the BC policy as quasi-natural experiments, this
paper employs a multi-period DID design to examine the causal effect of environmen-
tal information transparency on green innovation performance. The findings reveal that
dual-pilot policies not only significantly expand the quantity of urban green innovation
but also enhance its quality. Mechanism analysis indicates these effects primarily operate
through public environmental attention, environmental compliance pressure, and resource
allocation. Further heterogeneity analysis shows that, compared to single-policy pilots,
the dual policy demonstrates stronger institutional effectiveness and systemic advantages
through institutional coordination and informational complementarity, underscoring the
necessity of deep integration between environmental governance and digital infrastructure.

This paper makes three marginal contributions to the existing literature. First, it
extends the application boundary of institutional complexity theory in multi-instrument
environmental governance settings. Prior research on institutional complexity has largely
focused on the tensions and conflicts among multiple formal institutions [12,13,15,16],
and relevant studies usually treat formal regulatory enforcement and informal public
oversight as independent drivers of green innovation separately [17,18], with limited
attention paid to how the two governance forces can operate in coordination through a
shared informational carrier. Building a tripartite government—public—enterprise analytical
framework, this paper identifies environmental information transparency as the core carrier
that connects these two forces: institutionalized disclosure of environmental information
provides the factual basis for public oversight, while digital infrastructure reduces the
cost of information access and strengthens the implementation effect of social supervision.
This finding redirects analytical attention from institutional conflict to institutional linkage,
expanding the applicable scope of institutional complexity theory. It also complements the
research on boundary conditions of stakeholder theory, by clarifying that the availability
and transmission efficiency of environmental information are critical prerequisites for
public pressure to translate into substantive governance effects.

Second, it enriches the cross-domain research dimension of policy synergy theory.
Existing studies on environmental policy mixes mostly center on the complementarity
between homogeneous regulatory tools, and generally treat digital infrastructure as a
neutral technological backdrop rather than an institutional factor that shapes the effec-
tiveness of regulatory policies. While prior research acknowledges the separate roles of
institutionalized disclosure of environmental information [21-24,37], it rarely articulates
how the two coordinate with each other to shape innovation outcomes. This paper pro-
poses and verifies a supply-transmission complementarity logic: the AAQS-2012 generates
standardized environmental information from the supply side, while the Broadband China
policy reduces the cost of information acquisition and diffusion from the transmission side.
The two functions are interdependent, and the full governance potential of environmental
information can only be released when both are in place. This finding extends the research
scope of policy synergy from homogeneous instrument combinations to cross-domain
synergy between regulatory standards and infrastructure investment, providing a new
theoretical perspective for environmental policy mix design in the digital era.

Third, it clarifies the parallel transmission mechanisms through which environmental
information transparency affects green innovation. The existing literature has not fully
discussed the internal paths through which information-based environmental policies
influence innovation. Through three parallel channels, namely public environmental at-
tention, environmental compliance pressure, and resource allocation optimization, this
paper systematically examines the transmission paths by which environmental informa-
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tion transparency drives urban green innovation, and unpacks the black box of how
information-based governance shapes innovation performance. This mechanistic evidence
supplements the micro empirical evidence on the driving factors of green transition in
emerging economies, and provides a reference analytical framework for similar economies
to evaluate the innovation effects of information-oriented environmental policies.

2. Policy Background

Rapid economic growth and accelerating urbanization in China have brought air
pollution to the forefront of environmental policy concerns. In response, the Ministry of
Environmental Protection and the General Administration of Quality Supervision, Inspec-
tion and Quarantine jointly issued promulgated the AAQS-2012. A defining feature of the
AAQS-2012 was its requirement for more comprehensive and transparent disclosure of
environmental quality information to the public. Compared with earlier environmental
standards, the AAQS-2012 broadened the scope of the national air quality monitoring
system by incorporating newly recognized pollutants such as PM; 5, while continuing to
cover conventional pollutants including SO, and NO,. The standards further required
pilot cities to establish air quality monitoring stations, compile air quality data through
a centralized reporting system, and disclose this information in real time to higher-level
governments, environmental authorities, and the public.

Digital infrastructure has become a central element of national strategic infrastructure
worldwide, closely linked to technological and industrial advancement and to national
competitiveness. Its core components include next-generation information and commu-
nication technologies such as data centers, cloud computing, and artificial intelligence.
These technologies depend on the availability of extensive broadband networks. Although
China’s broadband coverage and access capabilities continued to improve, a number of
structural challenges remained. These included the unclear public infrastructure status of
broadband networks, marked regional and urban—rural disparities, limited diversity of
digital applications, weak indigenous innovation capacity, and an underdeveloped institu-
tional environment. In response, the State Council issued the Broadband China Strategy
and Implementation Plan in 2013. The policy set out a phased pilot city deployment plan
for the period from 2014 to 2016, with the stated objectives of accelerating broadband
infrastructure construction, lowering user access barriers, and expanding network coverage
and performance. By the end of September 2023, fiber-to-the-home ports nationwide had
reached 1.08 billion, achieving near-universal coverage in administrative villages, while
the number of 5G base stations built and activated had reached 3.189 million. Coverage
extended to all urban districts of prefecture-level cities and county seats, with further
expansion into townships and administrative villages. According to the China Broadband
Development White Paper (2023), the national broadband network by this point provided
nationwide coverage and high-speed connectivity.

By 2024, following the nationwide implementation of the AAQS-2012 and the phased
rollout of the BC policy, the two policies covered 338 and 120 prefecture-level and above
cities, respectively. Of these, 105 cities had implemented both policies concurrently, thereby
constituting the dual-pilot cities whose geographical distribution is shown in Figure 1.
Although the two policies differed in their primary objectives, city selection criteria, and
implementation pace, both significantly enhanced environmental information transparency
and public accessibility. The AAQS-2012 adopted a gradual rollout policy, initially imple-
mented in core cities before progressively extending to all prefecture-level cities nationwide.
This approach ensured steady policy advancement and incremental impact assessment. In
contrast, the BC policy emphasized establishing a multi-tiered and diverse pilot city frame-
work. Regarding the implementation timeline, the AAQS-2012 pilot phase commenced in
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2012, initially focusing on highly developed economic regions such as the Beijing-Tianjin—-
Hebei (BTH), Yangtze River Delta (YRD), and Pearl River Delta (PRD) areas, as well as
municipalities directly under the central government and provincial capitals. The BC policy,
however, began its nationwide phased implementation from 2014 onwards.

N
X |
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|| Baseline pilot cities

|| First group of dual-pilot cities
771 Second group of dual-pilot cities

2 Third group of dual-pilot cities

[ O e 14 ¥ "‘&»‘f . r /
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Figure 1. The spatial distribution of the dual pilot cities. Notes: This map is plotted based on the
standard map from the Standard Map Service System of the Ministry of Natural Resources of the
People’s Republic of China (Map Approval No. GS5(2024)0650). The basic geographic elements
of the base map (including national boundaries and administrative division boundaries) remain
unmodified; only thematic research data (pilot city distribution) is overlaid on the base map.

Three considerations motivate the selection of the AAQS-2012 and the BC policy as a
joint quasi-natural experiment. First, the two policies exhibit functional complementarity
that maps onto the two core dimensions of environmental information transparency. The
AAQS-2012, jointly issued by the Ministry of Environmental Protection and the General Ad-
ministration of Quality Supervision, Inspection and Quarantine, addresses the supply side
by establishing a unified national real-time air quality monitoring system, standardizing
pollutant measurement indicators, and mandating regular public disclosure of monitoring
data. The BC strategy, issued by the State Council, addresses the dissemination side by
expanding broadband network coverage, improving internet access speed and affordability,
and lowering the cost for the public, enterprises, and regulatory authorities to obtain,
transmit, and utilize environmental information. Only when standardized environmental
information is made widely accessible through digital infrastructure does environmental
information transparency become operative at the city level. The two policies together thus
form a linked chain from information production and disclosure to information diffusion
and utilization, which aligns more closely with the theoretical construct of environmental
information transparency than either policy alone. Second, the two policies were issued by
different government bodies and operate at different institutional levels, which reflects the
multi-tiered architecture of China’s environmental governance. The AAQS-2012 functions
as a sector-specific regulatory standard that sets the institutional rules and data foundation
for institutionalized disclosure of environmental information, while the BC strategy serves
as a national infrastructure initiative that supplies the technical carrier and transmission
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channel for information dissemination. Although operating at different institutional levels,
the two policies converge on the common goal of improving environmental information
accessibility, jointly constituting a policy mix that combines institutional norms with techni-
cal infrastructure. Third, both policies were rolled out in staggered fashion across cities,
each following its own selection criteria and implementation timeline. This staggered
implementation design supports the identification strategy of the multi-period DID model.

Underpinning this complementary framework, although the AAQS-2012 and the BC
Policy exhibit distinct objectives and operational approaches, they converge in enhancing
environmental information transparency. Scholarly research indicates that AAQS-2012
established a pivotal data foundation for environmental regulation through the implemen-
tation of a nationwide real-time air quality monitoring network [24,38]. The real-time data
generated by this infrastructure, coupled with systematic public disclosure mechanisms,
have shifted regulatory practice from uniform, across-the-board approaches toward more
precisely targeted governance, thereby strengthening regulatory effectiveness. Illustratively,
leveraging this monitoring framework, multiple cities within the Beijing-Tianjin-Hebei
region have developed capabilities for three-day granular forecasts and seven-day trajec-
tory projections. This technological advancement has facilitated dynamic optimization of
peak-shifting production policies: regulatory authorities have replaced standardized pro-
duction restriction mandates with tailored adjustments of industrial operational schedules
based on air quality prognoses, actualizing nuanced environmental stewardship. Concur-
rently, information transparency has empowered public oversight as a potent constraint
against corporate environmental violations. Empirical evidence confirms that civic uti-
lization of publicly accessible data to report infractions through social media platforms
generates substantive external pressure, significantly curtailing subsequent environmental
non-compliance incidents and emission levels among cited enterprises [39]. The efficacy
of such public oversight mechanisms based on information technology critically depends
on ubiquitous, high-speed, and affordable internet access. Herein lies the pivotal role of
the BC policy in providing digital infrastructure support. Through large-scale fiber-optic
deployment, enhanced mobile broadband coverage, and reduced connectivity costs, the
BC substantially elevated nationwide internet penetration and network quality [40]. This
enabled broader public access to environmental data, social media engagement, and partici-
patory environmental monitoring. As evidenced by He et al. [41], the BC’s implementation
significantly reduced corporate pollution emissions and improved environmental perfor-
mance by strengthening external supervision, facilitating technological upgrading, and
optimizing management practices.

Figure 2 displays the evolution of green innovation quantity and quality for dual-
pilot and non-pilot cities around the joint implementation of the AAQS-2012 and the BC
policy. Prior to 2014, the two groups followed nearly identical growth trajectories, with
the compound annual growth rate differing by only 1.1 percentage points for quantity
and 0.6 percentage points for quality, which provides descriptive support for the parallel
trend assumption. From 2014 to 2018, the treatment group registered an average increase
of 22.30 hundred green patents in quantity and 12.10 hundred green invention patents
in quality, compared with gains of 4.51 hundred and 2.22 hundred in the control group.
After patent examination standards were tightened nationwide in 2018, a clear divergence
emerged in the quality dimension. Green invention patents in the treatment group con-
tracted at an annual rate of 14.0 percent, a smaller contraction than the 15.2 percent recorded
in the control group, while the quantity of green patents exhibited no meaningful difference.
These descriptive trends indicate that the dual-pilot policies are associated with superior
green innovation performance, especially in quality, and motivate the formal empirical
analysis that follows.
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Figure 2. Trends of quantity and quality in green innovation.
3. Theoretical Analysis and Hypothesis Development
3.1. The Direct Effect of Environmental Information Transparency on Green Innovation Performance
Drawing on information asymmetry theory, this paper examines how environmental
information transparency shapes the decisions of three key actors in environmental gover-
nance, namely governments, the public, and enterprises. This paper constructs a tripartite
theoretical framework, illustrated in Figure 3, that traces how transparency influences each
actor and, through their interactions, contributes to green innovation. The framework is
developed along three pathways.
Motivation and Guidance
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Figure 3. Tripartite Synergistic Dynamics in Environmental Governance: Interplay of Governmental
Agency, Civic Engagement, and Corporate Conduct. Note: The dashed-line panels from left to right
delineate the corporate, residential, and governmental sectors. Azure panels signify micro-level
enterprises, civilian constituency, central government authorities, and subnational administrative
entities. Directional arrows denote functional interactions between actors, while the orange panel
encapsulates the ultimate outcome of these dynamics: green innovation.

The first pathway concerns government decision-making. Environmental information
transparency can serve a dual function as both an incentive and a disciplinary mechanism.
On one hand, transparency empowers the central government to monitor environmen-
tal conditions at the municipal level more accurately, facilitating the formulation and
adjustment of environmental constraint targets and strengthening the oversight of local
environmental governance performance [42,43]. This tightening of top-down environmen-
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tal constraints and oversight encourages local governments to shift from lax enforcement
toward more stringent regulatory approaches. Faced with sustained environmental regula-
tory pressure, polluting enterprises have stronger incentives to invest in environmental
technology research and development or to adopt pollution control technologies and
services [44]. On the other hand, environmental information transparency amplifies the
public scrutiny of government enforcement and intensifies public opinion pressure on
regulators [45,46]. In response, the central government optimizes resource allocation by
prioritizing support for green enterprises and research projects, thereby advancing strategic
sustainable development goals [35]. This reallocation of resources toward green activities
can accelerate the development and diffusion of environmental technologies, including
those in clean energy and eco-friendly materials, while promoting the green transformation
of traditional industries.

The second pathway concerns public participation. Extensive research has docu-
mented the severe health consequences of air pollution [47,48], including elevated rates of
total and infant mortality [49,50] and increased incidences of lung cancer and respiratory
diseases [3,4]. These findings have heightened public demand for a cleaner environment.
Enhanced environmental information transparency strengthens public awareness of local
environmental conditions and encourages greater engagement in environmental protection,
enabling citizens to serve as societal monitors of pollution. With the ability to observe
emissions, the public can use various media channels, such as microblogs, hotlines, and
online platforms, to report illegal corporate discharges to authorities [39,45,46]. This form of
bottom-up supervision not only presses governments to strengthen regulatory enforcement
but also helps to curb corporate rent-seeking behavior [51], providing firms with additional
motivation to develop and adopt environmental technologies. Furthermore, heightened
public awareness of actual pollution levels can prompt shifts in consumption attitudes and
behaviors [23,24]. By purchasing or investing in environmentally friendly products such
as air purifiers, the public creates new market demand, which in turn directs enterprises
toward green research and development and channels societal resources toward more
sustainable patterns of production and consumption.

The third pathway concerns corporate behavior. Environmental information trans-
parency renders previously hidden environmental costs more visible, thereby increasing the
financial burden associated with corporate pollution [52]. To reduce pollution fees and envi-
ronmental taxes [53], improve energy efficiency [54], and maintain competitive advantage,
firms have greater motivation to incorporate sustainability considerations into their daily
operations and long-term strategic planning. This shift often begins with the adoption of
non-innovative environmental measures, such as procuring green equipment [55], utilizing
eco-friendly materials, or engaging green services. The operational pressure to reduce
environmental costs, together with growing market demand from the public for green
products [56,57], creates new market opportunities that encourage firms to move beyond
such measures and invest in green innovation. In parallel, the government’s preference for
green industries in resource allocation, manifested through instruments such as govern-
ment green procurement, further prompts enterprises to increase their investment in the
research, development, and application of green technologies [58].

Therefore, based on the preceding analysis of the multifaceted impacts of environmen-
tal information transparency on governmental decision-making, public participation, and
corporate behavior, this paper proposes its first core hypothesis:

H1: Environmental information transparency positively affects the quantity and quality of urban
green innovation.
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3.2. The Mechanism Effect of Environmental Information Transparency on Green
Innovation Performance

3.2.1. Public Environmental Complaints

Information asymmetry represents a persistent barrier to environmental governance.
Akerlof [59] showed that the uneven distribution of information can lead to market failure
and resource misallocation. In environmental governance, firms that generate pollution
hold an informational advantage over the public, who bear the consequences of environ-
mental degradation yet lack direct access to pollution data. This asymmetric weakens both
the capacity and willingness of the public to participate in environmental monitoring. The
dual policies reshape this information landscape by mandating the systematic disclosure of
corporate pollution data and government enforcement information, reducing the cost for
the public to access environmental information, and thereby breaking down the information
barrier between firms and society [20,60].

Stakeholder theory, as advanced by Freeman [61], suggests that the long-term viabil-
ity of firms depends on their ability to respond to the demands of diverse stakeholders.
Environmental information transparency can strengthen public environmental awareness
and participation capacity, enabling individuals to move from passively receiving envi-
ronmental information to actively monitoring environmental conditions [62]. This shift
in the public’s role strengthens oversight of both government enforcement and corporate
pollution, and increases the legitimacy pressure on firms to improve their environmental
performance [46]. Rising environmental and energy costs create incentives for firms to
pursue cost savings and risk mitigation through green innovation [63,64].

The demand-pull theory of innovation offers an explanation for how shifts in public
preferences can stimulate green innovation [65,66]. Environmental information trans-
parency not only reinforces public monitoring of polluting activities but also shapes green
consumption preferences. Studies indicate that public demand for green products and
services continues to grow, with higher expectations for product variety and quality [23].
This shift on the demand side can create new market opportunities and signal the direction
of technological development for innovative firms. Driven by green market demand, firms
compete to increase investment in green technology research and development [67]. The
resulting competition can accelerate the iteration and diffusion of green technologies, con-
tributing to improvements in both the quantity and the quality of urban green innovation at
the city level. Based on the foregoing analysis, this paper proposes the following hypothesis:

H2: Environmental information transparency increases green innovation performance through
public environmental attention.

3.2.2. Government Environmental Regulation

Institutional theory provides an analytical framework for understanding how envi-
ronmental regulation shapes corporate green innovation behavior [68]. DiMaggio and
Powell [69] identify three institutional forces that shape organizational behavior, namely
regulative pressure, normative pressure, and cognitive pressure. The implementation of
environmental information transparency can amplify the transmission effect of regulative
pressure [70]. Public disclosure of pollution data exposes corporate environmental behavior
to scrutiny from government regulators, media, and the public, increasing the likelihood
that violations will be detected, exposed, and penalized [71]. This intensified institutional
pressure creates incentives for firms to treat environmental issues as a strategic priority and
to reassess their investment in environmental technology and innovation.

The Porter Hypothesis further posits a positive relationship between well-designed
environmental regulation and corporate innovation [72]. Porter and van der Linde [12]
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argue that well-designed environmental regulations can stimulate corporate innovation
potential, enabling firms to offset or even exceed compliance costs through technological
progress and simultaneously improve both environmental and economic performance.
Environmental information transparency can reinforce the under which the Porter effect
operates, by increasing the credibility and enforceability of environmental regulations [73].
Compliance pressure creates strong demands for emission reduction and technological
upgrading among polluting firms [72,74]. However, constrained in R&D funding, tech-
nological accumulation, and innovation capacity can limit the ability of these firms to
independently undertake green technology development [75].

To cope with external regulatory pressure, polluting firms tend to procure green
equipment and technologies through market channels [76]. This procurement demand can
generate market opportunities for the green technology industry [67]. In response to this
market signal, innovative firms may increase investment in green technology research and
development, creating a self-reinforcing dynamic among regulatory pressure, technology
demand, and innovation supply [77]. This transmission mechanism can contribute to the
overall pace of urban green innovation and may facilitate a gradual shift from quantitative
expansion toward qualitative improvement. Based on the above analysis, this paper
proposes the following hypothesis:

H3: Environmental information transparency increases green innovation performance through
environmental compliance pressure.

3.2.3. Resource Allocation

The Resource-Based View posits that a firm’s competitive advantage derives from its
capacity to acquire and integrate heterogeneous resources [78]. Green innovation typically
requires substantial investment, long development cycles, and tolerance for risk, and thus
depends on the availability of key factor inputs including capital, talent, and technology.
Enhanced environmental information transparency can alter the institutional environment
and incentive structures that govern resource allocation, thereby improving the conditions
under which innovative enterprises obtain access to essential resources [79].

Signaling theory provides a lens for understanding how environmental information
guides resource allocation [80]. Spence [81] argues that under conditions of information
asymmetry, high-quality actors can distinguish themselves by transmitting credible signals,
thereby gaining priority in resource allocation. Environmental information transparency
performs a similar signaling function. The transparency of pollution data intensifies
accountability pressure on government environmental performance, while the improved
observability of corporate environmental behavior enables governments and markets to
identify firms and projects with green development potential more accurately.

Under sustained pressure from pollution reduction mandates and dual-carbon targets,
local governments tend to favor green industries in resource allocation decisions [82-84].
This preference manifests in the preferential allocation of critical resources, including fiscal
funds, tax incentives, land supply, and financial credit, toward green enterprises and R&D
projects [80]. Such targeted resource infusion effectively alleviates financing constraints
faced by innovative enterprises during green technology development, reduces the risk
and uncertainty associated with innovation activities, and consequently incentivizes firms
to increase R&D investment.

The reallocation of resources toward green sectors can generate spillover effects that
extend beyond the directly supported firms and projects. Government investment tar-
geted at green sectors can accelerate the development and diffusion of environmental
technologies, support the growth of strategic emerging industries such as clean energy and
eco-friendly materials, and encourage the transformation of traditional industries toward
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low-carbon modes of production [85]. These shifts at the industrial level can contribute to
an environment that supports innovation, thereby creating conditions under which both
the quantity and the quality of urban green innovation may improve. Based on the above
analysis, this paper proposes the following hypotheses:

H4: Environmental information transparency facilitates green innovation performance by enabling
efficient resource allocation.

4. Model and Data
4.1. Model Specification

This paper employs a multi-period DID model to assess the treatment effect of the dual-
pilot policies, namely the AAQS-2012 and the BC policy, on green innovation performance.
To mitigate potential endogeneity concerns, the model incorporates two-way fixed effect
(TWEE) at both the city and year levels. The model is set as follows:

Yit = ag + oy Informationy, + AXje + 1 + i + €t (@)

In Equation (1), Y;; denotes the quantity or quality of green innovation in city i and
year t. The variable Information;; is a binary indicator for environmental information
transparency, equaling 1 if city i implemented both the AAQS-2012 and the BC policy in
year t, and O otherwise. The vector Xj; comprises a set of control covariates. City fixed
effects (1;) and year fixed effects (v;) are included to absorb unobserved heterogeneity,
while ¢;; represents the idiosyncratic error term. Robust standard errors are clustered at the
city level to address potential serial correlation and heteroskedasticity.

4.2. Variable Setting
4.2.1. Dependent Variables

Patent data serve as a core indicator for measuring innovation performance. Following
prior research, this paper excludes green design patents because their inventive content is
generally limited and their examination timelines vary substantially and are difficult to
anticipate [22,86]. This paper measures the quantity of urban green innovation, denoted
GTIN, as the sum of green invention patent applications and green utility model patent
applications filed in each city per year, capturing the overall scale of green innovation
activity. The quality of urban green innovation, denoted GTIQ), is measured by the count of
green invention patent applications alone. Under China’s patent system, invention patent
applications are subject to substantive examination, which entails a rigorous assessment
of technical novelty, inventiveness, and practical applicability. Utility model patents, by
contrast, undergo only a formal examination that does not evaluate inventive step. This
institutional difference means that invention patents typically embody greater technical
sophistication and higher innovative value, providing an institutional basis for distinguish-
ing innovation quality by patent type and making green invention patent applications
a reasonable proxy for high-quality green innovation. This approach has been widely
adopted in city-level green innovation studies [87]. In the robustness checks, this paper also
employs the count of granted green invention patents as an alternative quality indicator.
Unlike applications, granted patents have passed the full substantive examination process
and can therefore more accurately reflect high-quality innovative output that has received
official recognition.

4.2.2. Independent Variables

The key independent variable, the dual-pilot policies (Information), is constructed
as the interaction term between the city-level treatment dummy (Treat;) and the time
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period dummy (Time;;). Cities implementing both the Ambient Air Quality Standards and
the “Broadband China” pilot policies concurrently are assigned to the treatment group
(Treat; = 1); all other cities constitute the control group (Treat; = 0). For cities in the treatment
group, Time;; is coded as 1 for the initial year of the dual-pilot policies implementation and
all subsequent years, and 0 for the years preceding the implementation.

4.2.3. Control Variables

To mitigate potential confounding effects from other determinants of urban green
innovation, this paper incorporates a comprehensive set of control variables in line with
the established literature. These include economic development, measured by per capita
GDP (PGDP); industrial structure upgrading, captured by the ratio of the value-added of
the tertiary to the secondary sector (Industry); scientific and technological advancement,
proxied by the share of science and technology expenditure in the total public budget (ST);
foreign direct investment intensity, represented by the proportion of actually utilized FDI
to regional GDP (FDI), with amounts converted to RMB using annual average exchange
rates; and population scale, measured by the natural logarithm of the year-end regis-
tered population (POP). These controls account for macroeconomic conditions, innovation
resource allocation, knowledge infrastructure, international technology spillovers, and
agglomeration effects relevant to green innovation.

4.3. Data Sources

Utilizing panel data spanning the period 2000-2023 for 289 prefecture-level and above
cities in China, this paper accounts for data availability and administrative boundary
changes. The final sample comprises 105 cities designated as dual-pilot cities under both the
AAQS-2012 and the BC policy, alongside 184 non-dual-pilot cities. Data on the AAQS-2012
pilot cities were manually compiled from the official website of the Ministry of Ecology
and Environment of China. Similarly, data identifying the BC policy were manually
compiled from the official website of the Ministry of Industry and Information Technology
of China. Data on green patents were sourced from the China National Intellectual Property
Administration. The Baidu Search Index data were collected and verified using Python-
based web scraping techniques implemented in PyCharm Community Edition 2022.1.2,
followed by manual validation. City-level socioeconomic and environmental data were
primarily obtained from the China City Statistical Yearbook and provincial statistical
yearbooks. Firm-level data were extracted from the China Stock Market & Accounting
Research Database covering the years 2003 to 2023 (Given the challenges in data acquisition
and the significant influence of listed firms in the market, this paper utilizes firm-level data
from companies listed on the Shanghai and Shenzhen A-share markets in China. To ensure
data accuracy and analytical validity, financial firms, as well as companies designated as
ST or *ST, were excluded from the sample). Table 1 presents descriptive statistics for all
primary variables.

Table 1. Descriptive Statistics for primary variables.

Variable Observations Mean Minimum Maximum Std. Dew.
GTIN 6175 4.6647 16.7260 0 346.7000
GTIQ 6175 2.4166 10.1176 0 240.5100

Information 6175 0.1262 0.3320 0 1
PGDP 5585 49481 3.8059 0.1226 46.7749
Industry 5871 1.0699 0.6550 0.0791 7.7682
ST 5770 1.4876 1.7087 0.0002 20.9064
FDI 5788 0.0505 0.0681 0 0.8395
POP 5814 4.6711 0.8088 2.6448 8.1356

https://doi.org/10.3390/sul8136566


https://doi.org/10.3390/su18136566

Sustainability 2026, 18, 6566

14 of 28

5. Empirical Results
5.1. Baseline Regression

Table 2 presents baseline regression results estimating Model (1) for both GTIN and
GTIQ. As reported in columns (1) to (4) of Table 2, the dual-pilot policies significantly
promote both the quantity and quality of green innovation, irrespective of the inclusion
of city-level control variables. As a further check, the analysis excludes all observations
from cities that were covered by only one of the two policies during the sample period,
retaining cities with neither policy as the control group. The results in columns (5) and (6)
of Table 2 show that the estimated coefficients remain positive and statistically significant
for both the quantity and the quality of green innovation. Our results empirically validate
the conclusions posited by Li et al. [22] and Zhang et al. [21] regarding the catalytic role of
the institutionalized disclosure of environmental information in fostering green innovation.
Furthermore, it elucidates that the synergistic interaction between efficient information
dissemination and institutionalized disclosure of environmental information mechanisms
significantly drives the enhancement of green innovation quality.

Table 2. Estimation Results of Baseline Regression.

1) 2) (3) @) (5) (6)
Variable GTIN GTIN GTIQ GTIQ GTIN GTIQ
Information 12.9154 *** 10.6177 *** 7.3241 *** 5.8896 *** 8.5010 *** 4.5245 ***
(4.0857) (4.0821) (3.6385) (3.6890) (3.7066) (2.9745)
PGDP 1.4721 *** 0.8829 *** 2.5280 *** 1.5375 ***
(3.6287) (3.0554) (3.4301) (2.9986)
Industry 5.3926 * 3.6227 * 9.4105 * 6.4026
(1.7840) (1.6752) (1.7422) (1.6405)
ST 2.0430 *** 1.0981 *** 2.3761 *** 1.2714 ***
(3.4465) (3.4454) (3.0322) (3.0424)
FDI 0.4588 2.6600 1.4399 3.9406
(0.0452) (0.5271) (0.1026) (0.5756)
POP 3.1779 * 1.3560 * 4.2837 1.8746
(1.9489) (1.7075) (1.2477) (1.1109)
Year fixed effect Yes Yes Yes Yes Yes Yes
City fixed effect Yes Yes Yes Yes Yes Yes
constant 3.0379 *** —27.6504 *** 1.4947 *** —14.7289 ** —40.2693 ** —21.9898 **
(7.6263) (—2.6219) (5.8902) (—2.5176) (—1.9805) (—2.0215)
Observations 6174 5401 6174 5401 3742 3742
adj. R? 0.5918 0.6523 0.5852 0.6418 0.6634 0.6521

Notes: ***, ** and * denote statistical significance at the 1%, 5%, and 10% levels, respectively. T-statistics are
reported in parentheses.

5.2. Validation of the Effectiveness of the DID Method
5.2.1. Parallel Trend Test and Dynamic Effect Test

To ensure the validity of the DID estimation, this paper must satisfy the parallel trend
assumption, which posits that the treatment and control groups exhibited similar trends
in green innovation levels prior to the policy implementation. Following the approach
of Jacobson et al. [88], this paper employ an event study framework to test whether this
assumption holds for the two groups and to simultaneously examine the dynamic effects
of the dual-pilot policies in the treated cities. The model is specified as follows:

5
Yit = 0p + Z GkInformationﬁ+5Z Xit + W + Ve + €t (2)
k=-5
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In this specification, Y;; represents green innovation performance. The set of dummy
variables Information® identifies dual pilot cities relative to the policy implementation year.
Specifically, for city i, let T; denote the specific year it became a dual-pilot city, and define
k =t — 7;. Thus, when k = 0 (the implementation year itself), Information® = 1 for city i,
and 0 otherwise; when k = 1 (one year after implementation), Information' = 1 for city i,
and 0 otherwise; and when k = —1 (one year before implementation), Information ! = 1
for city i, and 0 otherwise. Variables for other leads (k < —1) and lags (k > 1) are
defined analogously.

To conduct the parallel trend test, city-specific interactions with year dummies were
constructed. Addressing potential multicollinearity, the sixth period prior to the dual-pilot
policies initiation was designated as the base period, with 2014 marking the formal policy
implementation year. Parallel trend tests were performed separately for GTIN and GTIQ.
Figure 4 plots the estimated coefficients for Information* along with their 95% confidence
intervals. The estimated coefficients on the pre-treatment leads are not statistically dis-
tinguishable from zero for either GTIN or GTIQ, consistent with the assumption that the
treatment and control groups followed parallel trends prior to policy implementation. The
dynamic pattern indicates that, despite a temporary decline in period 5, the overall effect
of the dual-pilot policies on both the quantity and the quality of green innovation follows
an upward trend over time. This pattern suggests that the policies are associated with
sustained growth in green innovation outcomes.
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Figure 4. Parallel Trend Assumption Validation.

5.2.2. Placebo Test

To mitigate potential bias arising from omitted variables, a placebo test was conducted.
Specifically, the dual-pilot status was randomly assigned to different cities to create a

false 1\ as constructed

simulated treatment group. A falsified policy variable, Information
based on this random assignment, and regression analysis was performed using Model (1).
This paper repeats the randomization procedure 500 times. Figure 5 presents the kernel
density distributions of the placebo estimates. The placebo coefficients are distributed
around zero and follow a pattern close to a normal distribution. Most of the placebo
coefficients are not statistically distinguishable from zero. The distribution of the placebo
coefficients lies clearly apart from the baseline estimate. This evidence indicates that the
association between the dual-pilot policies and urban green innovation is unlikely to be

attributable to unobserved confounding factors.
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Figure 5. Coefficient Distribution of the Placebo Test.

5.2.3. Goodman-Bacon Decomposition Test

Recognizing that treatment effect heterogeneity in staggered DID designs may intro-
duce bias in TWFE estimators [89-91], this paper employs Goodman-Bacon’s decompo-
sition method to evaluate the magnitude of potential estimation bias [91]. The analysis
utilizes a balanced panel spanning 2000-2023 and implements the bacondecomp command
to decompose the staggered DID estimates. This decomposition enables systematic assess-
ment of the robustness of our model estimates, with the full Bacon decomposition results
presented in Table 3.

Table 3. Decomposition Results of Goodman-Bacon Method.

Decomposition Item ATT (GTIN) ATT (GTIQ) Weight
Timing Groups 0.6709609967 0.6679403921 0.0553
Never vs. Timing Groups 18.20635062 10.13744295 0.9012
Within Groups —77.34574127 —47.54763412 0.0435

Notes: ATT denotes the average treatment effect on the treated.

Table 3 reports the Goodman-Bacon decomposition of the two-way fixed effect esti-
mates. The overall TWFE estimate is 12.93 for GTIN and 7.02 for GTIQ, both statistically
significant at the 1 percent level. The decomposition shows that variation in treatment
timing accounts for 5.53 percent of the overall estimate, while within-group differences
account for 4.35 percent. Comparisons involving the never-treated group receive 90.12 per-
cent of the total weight. The relatively small combined weight assigned to comparisons
that may be affected by treatment effect heterogeneity, namely those based on variation in
treatment timing and within-group differences, suggests that such heterogeneity does not
materially affect the core estimates reported in this paper.

5.3. Robustness Checks
5.3.1. PSM-DID Estimation

Prior to dual-pilot policy implementation, observable city-level differences between
treatment and control groups risked selection bias in staggered DID estimates. To mitigate
this, this paper employs a propensity score matching-difference-in-differences (PSM-DID)
approach. Key matching variables, namely, economic development, industrial upgrading,
and foreign direct investment, were selected to identify comparable control cities for each
treatment unit. Using year-specific 1:2 nearest neighbor matching and kernel matching
within the common support domain, this paper excluded unmatched observations and
confirmed covariate balance. The results reported in Table 4 indicate that the dual-pilot
policies are associated with higher levels of both the quantity and the quality of urban
green innovation, after accounting for selection bias through matching. These results
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remain consistent across alternative matching specifications, lending further support to the
main findings.

Table 4. PSM-DID Estimates.

1) 2 3 @
1:2 Nearest-Neighbor Matching Kernel Matching
Variable GTIN GTIQ GTIN GTIQ
Information 10.8147 *** 6.0322 *** 10.6177 *** 5.8896 ***
(4.1317) (3.7496) (4.0821) (3.6890)
an trol Yes Yes Yes Yes
variables
Year fixed Yes Yes Yes Yes
effect
City fixed Yes Yes Yes Yes
effect
Constant —42.1157 ** —23.4343 ** —27.6504 *** —14.7289 **
(—2.4369) (—2.3838) (—2.6219) (—2.5176)
Observations 3938 3938 5401 5401
adj. R? 0.6647 0.6543 0.6523 0.6418

Notes: *** and ** denote statistical significance at the 1% and 5% levels, respectively. T-statistics are reported in
parentheses.

5.3.2. Mitigate Endogenous Issues

Although the quasi-natural experiment design based on the concurrent implementa-
tion of the AAQS-2012 and the BC policy helps mitigate endogeneity concerns, residual
bias could persist due to unobserved factors or omitted variables. To further validate the
robustness of our findings, this paper employs two additional strategies. First, this paper
lags the dependent variable by one and two periods. As shown in Table 5, the lagged
dependent variable tests confirm that the positive effect of the dual-pilot policies on both
the quantity and quality of urban green innovation remains consistent with the baseline
regression results.

Second, this paper conducts an instrumental variable (IV) analysis. This paper uti-
lizes the number of post offices in each city in 1984 as an instrument for environmental
information transparency. This variable satisfies the relevance and exclusion restriction
conditions. Regarding relevance, post offices served as traditional communication hubs
intrinsically linked to the development of modern communication infrastructure. For exo-
geneity, the establishment of the post office in 1984, which occurred approximately 40 years
ago, is unlikely to have had a direct impact on current urban green innovation. As this
time-invariant instrument would be absorbed by city fixed effects, this paper constructs an
interaction term between the dual-pilot policies time trend and the 1984 post office count
to serve as the operational IV.

Columns (5) through (7) of Table 5 report the two-stage least squares regression results.
Column (5) reports the first-stage results. The coefficient on the instrument is positive and
statistically significant at the 1 percent level, confirming its relevance to the endogenous
regressor. The Kleibergen—Paap rk Wald F-statistic exceeds the conventional threshold
for weak instruments, suggesting that weak instrument bias is not a serious concern in
this setting. Columns (6) and (7) present the second-stage results. After accounting for
endogeneity, the coefficients on Information remain positive and statistically significant for
both the quantity and the quality of green innovation. These results indicate that the main
findings are not driven by endogeneity bias.
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Table 5. Endogeneity Addressing Strategies for Causal Identification Validation.

(4] @ 3) @ (5 (6) v
1-Year Lagged 2-Year Lagged First-Stage Second-Stage
Variable GTIN GTIQ GTIN GTIQ Information GTIN GTIQ
Information ~ 10.8888 *** 6.1245 *** 11.1322 #* 6.3343 ¥+ 16.7004 *** 9.6027 ***
(4.0689) (3.6286) (3.9979) (3.5377) (3.8175) (3.3244)
v 0.2589 ***
(37.0960)
Co.n trol Yes Yes Yes Yes Yes Yes Yes
variables
Year fixed Yes Yes Yes Yes Yes Yes Yes
effect
City fixed Yes Yes Yes Yes Yes Yes Yes
effect
Wald 1376.423
F-statistic {16.380}
Constant —27.2315 *** —13.6699 ** —25.4947 ** —15.7739 ** —0.0920
(—2.6092) (—2.4013) (—2.1586) (—2.2850) (—1.0606)
Observations 5223 5223 4991 4991 4423 4423 4423
adj. R? 0.6846 0.6769 0.6999 0.6937 0.9535 0.1860 0.1733
Notes: *** and ** denote statistical significance at the 1% and 5% levels, respectively. T-statistics are reported in
parentheses. Parentheses () enclose t-statistics for coefficient estimates, while curly braces { } contain the 10%
maximal relative bias thresholds from the Stock-Yogo weak identification test.
5.3.3. Exclude Competing Policies
To mitigate potential bias arising from concurrent influential policies affecting urban
green innovation scale and quality during the sample period, this paper explicitly accounts
for confounding policy effects. Empirical evidence indicates that the Central Environ-
mental Inspection Policy (CEIP) [92,93], Carbon Emissions Trading Scheme (CETS) [13,93],
and Smart City (SC) Initiative may significantly affect green innovation outcomes [94,95].
Furthermore, following the promulgation of AAQS-2012, the State Council’s Three-Year
Action Plan for Winning the Blue Sky Defense Campaign (WBSDC) designated key cities
with enhanced monitoring and enforcement. Potential overlaps in pilot city selection be-
tween these strategies could introduce confounding policy effects. In this regard, the study
added interaction terms between whether the province was a CEIP area and the specific
implementation time of each province (see column (1) and column (2) of Table 6), between
whether the province was a CETS pilot area and the specific implementation time of each
province (see column (3) and column (4) of Table 6), between whether the city was a SC
pilot city and the specific implementation time of each city (see column (5) and column
(6) of Table 6), and between whether the city was a key city under the WBSDC and the
specific implementation time (see column (7) and column (8) of Table 6) to the baseline
regression model to eliminate the interference of competing policies and confusion of policy
effects. The study found that the coefficient of Information remained significantly positive,
meaning that the implementation of other important policies during the same period did
not cause significant bias in the estimation results.
Table 6. Mitigate Confounding Policy Interventions.
1) (2) (3) @ (5) (6) ) ®)
Variable GTIN GTIQ GTIN GTIQ GTIN GTIQ GTIN GTIQ
Information 10.6091 *** 5.8854 *** 10.4335 *** 5.7790 *** 10.6460 *** 5.8785 *** 10.1989 *** 5.6669 ***
(4.0834) (3.6916) (4.3236) (3.9052) (4.1971) (3.8371) (4.0713) (3.7207)
CEIP —1.0988 —0.5341
(—0.8761) (—0.6921)
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Table 6. Cont.
1) ) 3) 4) (5) (6) (7) (8)
Variable GTIN GTIQ GTIN GTIQ GTIN GTIQ GTIN GTIQ
CETS 11.1146 ** 6.6686 *
(2.0393) (1.8605)
SC 0.2526 —0.0986
(0.1112) (—0.0697)
WBSDC 8.3080 *** 4.4166 **
(2.7425) (2.2034)
Cop trol Yes Yes Yes Yes Yes Yes Yes Yes
variables
Year fixed Yes Yes Yes Yes Yes Yes Yes Yes
effect
Clzfiléed Yes Yes Yes Yes Yes Yes Yes Yes
Constant —27.4443 *** —14.6288 ** —24.3035 *** —12.7209 ** —27.6114 *** —14.7320 ** —25.8475 ** —13.7705 **
(—2.6279) (—2.5264) (—2.6267) (—2.5512) (—2.6091) (—2.4932) (—2.4438) (—2.3948)
Observations 5401 5401 5401 5401 5401 5401 5401 5401
adj. R? 0.6522 0.6418 0.6653 0.6551 0.6522 0.6418 0.6590 0.6472

Notes: ***, ** and * denote statistical significance at the 1%, 5%, and 10% levels, respectively. T-statistics are
reported in parentheses.

5.3.4. Employ Count Regression Models

Given that the dependent variable of this paper is measured by the number of green
patents, this variable essentially belongs to the category of count data. As a further check,
this paper re-estimates the baseline specification using a count regression model. Because
the variance of each dependent variable exceeds its mean, this paper employs the negative
binomial model rather than the Poisson model. The results are reported in Table 7. After
switching to the negative binomial model, the coefficient on Information remains positive
and statistically significant for both GTIN and GTIQ, consistent with the baseline findings.

Table 7. Using Count Regression Models.

1) (2) 3 @)
Variable GTIN GTIN GTIQ GTIQ
Information 1.7785 *** 0.9850 *** 1.8392 *** 1.0227 ***
(59.9081) (9.7464) (40.7522) (8.8120)
Control variables No Yes No Yes
Year fixed effect Yes Yes Yes Yes
City fixed effect Yes Yes Yes Yes
Constant 0.4474 *** 0.0161 0.5686 *** —0.1022
(8.2959) (0.0548) (7.2588) (—0.2905)
Observations 6174 5401 6174 5401

Notes: *** denotes statistical significance at the 1% level. This section employs clustered bootstrap standard errors.

5.3.5. Alternative Dependent Variables

To alleviate concerns about the measurement of innovation quality, this paper replace
the dependent variable with the number of granted green invention patents and re-estimate
the baseline model. Compared with patent applications, granted invention patents have
passed the complete substantive examination and officially obtained patent rights, which
can more strictly reflect recognized high-quality innovation achievements. Table 8 reports
the estimation results. The coefficient of Information remains significantly positive at the
1% level for both innovation quantity and quality specifications, indicating that the core
conclusion that dual-pilot policies improve both the quantity and quality of urban green
innovation is not affected by the measurement method of innovation quality.
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Table 8. Estimation Results of Alternative Dependent Variables.

1) (2)
Variable GTIA GTIA
Information 1.4937 *** 1.1262 ***
(3.7523) (3.5918)
Control variables No Yes
Year fixed effect Yes Yes
City fixed effect Yes Yes
Constant 0.34171 *** —0.9243
(7.5889) (—0.8739)
Observations 5622 5182
adj. R? 0.5022 0.5900

Notes: *** denotes statistical significance at the 1% level. T-statistics are reported in parentheses.

6. Further Discussion
6.1. Mechanism Analysis

Based on the theoretical analysis in the previous text, the dual-pilot policies of the
AAQS—2012 and the BC policy may improve green innovation performance through pro-
moting public environmental attention, environmental compliance pressure, and resource
allocation. Drawing on the study of Baron & Kenny [96], this paper conducts an empirical
analysis of each of these mechanisms.

6.1.1. Mechanism Test of Public Environmental Complaints

This paper examines whether dual-pilot policies enhance green innovation through
public environmental concern. Following existing studies [18,19], this paper uses the Baidu
Search Index for haze as a proxy for public environmental concern (PEC), constructed
from daily city-level searches aggregated annually. Table 9 columns (1)—-(3) report the test
results for this mechanism. Column (1) presents the second-step estimation: the coefficient
of the dual-pilot policy variable Information is positive and significant at the 1% level,
indicating that the implementation of the dual-pilot policies significantly raises public
environmental attention. Columns (2) and (3) report the third-step results: after including
the mediator variable PEC in the regression, the coefficient of Information remains positive
and statistically significant at the 1% level for both green innovation quantity (GTIN) and
quality (GTIQ). Meanwhile, the coefficient of PEC is also significantly positive at the 1%
level in both columns. According to the mediation test logic, this result confirms that public
environmental concern exerts a partial mediating effect in the process of dual-pilot policies
promoting the quantity and quality of green innovation. Specifically, the dual-pilot policies
enhance the public’s capacity for real-time access to local environmental information. This
heightened accessibility fosters increased public engagement with environmental issues,
leading to more active participation in environmental protection activities and stronger
demand for higher corporate emission standards. Consequently, these amplified societal
expectations generate informal institutional pressure, compelling firms to increase R&D in-
vestments and optimize pollution control and energy-saving technologies, thereby driving
the observed enhancement in both the quantity and quality of urban green innovation.

Table 9. Mechanism test.

(1)

(2) 3) 4) (5) (6) (7) (8) )

Variable PEC GTIN GTIQ SO, GTIN GTIQ Subsidy GTIN GTIQ
Information ~ 22.1292**  56222*%  28610**  —0.1900*  9.7156**  53510**  1.6277** 104565 ** 5.8153 *++
(4.3731) (3.9173) (3.2232) (—2.4034) (4.2676) (3.9007) (3.7770) (4.0402) (3.6623)

https://doi.org/10.3390/sul8136566


https://doi.org/10.3390/su18136566

Sustainability 2026, 18, 6566 21 of 28
Table 9. Cont.
1) 2) 3) @) (5) (6) (7) (8) )
Variable PEC GTIN GTIQ SO, GTIN GTIQ Subsidy GTIN GTIQ
PEC 0.0847 *** 0.0528 *** —4.0585 *** —2.4317 ** 0.0948 *** 0.0430 **
(8.5933) (9.8623) (—2.7798) (—2.4332) (3.1433) (2.5043)
SO,
Subsidy
Co.n trol Yes Yes Yes Yes Yes Yes Yes Yes Yes
variables
Year fixed Yes Yes Yes Yes Yes Yes Yes Yes Yes
effect
Clz}f’filcxted Yes Yes Yes Yes Yes Yes Yes Yes Yes
Constant 6.5203 —14.4421*  —7.8333 ** 1.5569 *** —21.2553 **  —10.8900 ** —2.6295 —27.3852 #** —14.6059 **
(0.6593) (—2.3670) (—2.2787) (3.9952) (—2.4782) (—2.4103) (—1.0961) (—2.6043) (—2.5043)
Observations 2961 2961 2961 5378 5378 5378 5400 5400 5400
adj. R? 0.7597 0.8483 0.8584 0.8518 0.6668 0.6566 0.6665 0.6529 0.6422

Notes: *** and ** denote statistical significance at the 1% and 5% levels, respectively. T-statistics are reported in
parentheses.

6.1.2. Mechanism Test of Government Environmental Regulation

This paper examines whether dual-pilot policies enhance green innovation through
the intensification of government environmental regulation. This paper employs city-level
SO, emissions (log-transformed, 10,000 tonnes) as a proxy for regulatory intensity, where
lower emission levels correspond to stricter environmental regulation. As shown in Table 9
columns (4)—(6), column (4) reports the second-step result: the coefficient of Information is
negative and statistically significant at the 5% level, indicating that the dual-pilot policies
effectively reduce urban SO, emissions, which reflects a significant improvement in envi-
ronmental regulation intensity. Columns (5) and (6) present the third-step estimation: after
controlling for the mediator variable SO,, the coefficient of Information remains positive
and significant at the 1% level for both GTIN and GTIQ. Meanwhile, the coefficient of SO,
is significantly negative at the 1% and 5% levels respectively, meaning that lower pollution
emissions are associated with higher green innovation performance. This verifies that
environmental regulation intensity plays a partial mediating role in the impact of dual-
pilot policies on green innovation. Specifically, environmental information transparency
strengthens regulatory enforcement and compliance monitoring, driving measurable de-
clines in SO, emissions. This reduction directly reflects heightened regulatory intensity;,
which subsequently incentivizes firms to reallocate resources toward green R&D, optimize
pollution control technologies, and elevate urban green innovation quality. Consequently,
the observed emission reductions provide robust empirical support for the mechanism
through which environmental transparency amplifies regulatory effectiveness, ultimately
driving green innovation performance.

6.1.3. Mechanism Test of Resource Allocation

To examine whether dual-pilot policies stimulate green innovation through environ-
mental transparency-driven resource reallocation, this paper constructs a city-year-level
measure of government green R&D subsidies (Subsidy) derived from listed firms” annual
reports. Specifically, we filter out subsidies designated for scientific research, technological
innovation, or environmental technology from corporate filings, and aggregate them to
the city-year level with log-transformation to mitigate skewness. Table 9 columns (7)-(9)
report the test results. Column (7) shows the second-step estimation: the dual-pilot policies
exert a significantly positive impact on Subsidy at the 1% level, indicating that improved
environmental information transparency effectively guides government fiscal resources
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toward green innovation support. Columns (8) and (9) present the third-step results: when
both Information and Subsidy are included in the regression, the coefficient of Informa-
tion remains significantly positive at the 1% level for both green innovation quantity and
quality, and the coefficient of Subsidy is also significantly positive at the 1% and 5% levels
respectively. This confirms that government green R&D subsidies play a partial mediating
effect in the relationship between dual-pilot policies and green innovation improvement. In
terms of the mechanism logic, enhanced environmental information transparency increases
public scrutiny over governmental resource allocation, thereby incentivizing the direction
of preferential subsidies toward green innovation. Meanwhile, stricter environmental
requirements also compel firms to increase environmental investment and adopt advanced
technologies. The resultant reallocation of governmental and corporate resources collec-
tively drives the improvement in both the quantity and quality of urban green innovation.

6.2. Comparative Analysis

This section examines whether the dual-pilot combination of the AAQS-2012 and the
BC policy yields a stronger effect on green innovation than either policy alone. This paper
employs two complementary identification strategies, namely PSM-DID and the staggered
DID estimator developed by Callaway & Sant’Anna [90].

This paper restricts the sample to cities covered by at least one of the two policies, ex-
cluding all cities that never adopted either policy. Within this restricted sample, dual-pilot
cities that implemented both policies serve as the treatment group, and cities that imple-
mented only one of the two policies serve as the control group. This paper first implements
the PSM-DID estimations. The matching procedure uses key covariates including the level
of economic development, industrial structure upgrading, and foreign direct investment to
identify comparable control cities for each treatment unit. This paper applies year-specific
1:2 nearest neighbor matching and kernel matching within the common support, excludes
observations that fall outside the common support, and verifies covariate balance after
matching. Columns (1) and (2) of Table 10 report the results under 1:2 nearest neighbor
matching. The coefficient on Information_c is positive and statistically significant at the
1 percent level for both green innovation quantity and quality. Columns (3) and (4) report
the kernel matching results, which are closely aligned with those from nearest neighbor
matching. The coefficient on the dual-pilot variable remains positive and statistically signif-
icant at the 1 percent level for both outcomes, and the coefficient magnitudes are similar
across the two matching methods. These results indicate that, after mitigating sample
selection bias through propensity score matching, the dual-pilot combination is associated
with greater green innovation output than either single-policy implementation, both in
scale and in quality.

To further address potential bias from heterogeneous treatment effects in the staggered
DID setting, this paper re-estimates the policy effect using the Callaway & Sant’Anna [90]
estimator with explicit treatment cohort definitions. This method first estimates group-time
average treatment effects for each treatment cohort, defined by the year of BC policy imple-
mentation, at each time period, and then aggregates them into an overall ATT weighted
by cohort size. This approach avoids the negative weighting problem inherent in conven-
tional two-way fixed effect staggered DID models and strengthens the credibility of causal
inference. Columns (5) and (6) of Table 10 present the estimation results. The overall ATT
of the dual-pilot policies is 4.238 for green innovation quantity, statistically significant at
the 5 percent level, and 2.201 for green innovation quality, significant at the 10 percent
level. This result lends further support to the main finding that the dual-pilot combination
is associated with stronger green innovation outcomes than either policy implemented
in isolation.
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Table 10. Estimation Results of Comparative Analysis.

(W h)] (2) (3) @) (5) (6)
1:2 Nearest-Neighbor . Callaway and Sant’Anna
Matching Kernel Matching 2021)
Variable GTIN GTIQ GTIN GTIQ GTIN GTIQ
Information_c 5.6219 *** 3.0162 *** 5.5892 *** 2.9958 ***
(3.8730) (3.2035) (3.8942) (3.2154)
Overall ATT 4.2375 ** 2.2009 *
(2.2856) (1.8558)
Control variables Yes Yes Yes Yes Yes Yes
Year fixed effect Yes Yes Yes Yes
City fixed effect Yes Yes Yes Yes
Constant —17.8237 ** —8.2801 * —15.9365 * —7.3724*
(—2.1050) (—1.8724) (—1.9416) (—1.7512)
Observations 2297 2297 2316 2316 2292 2292
adj. R? 0.8671 0.8794 0.8669 0.8793

Notes: The table reports the overall ATT from the Callaway and Sant’Anna [90] staggered DID estimator, estimated
via the outcome regression approach and aggregated by treatment cohort size. Standard errors are clustered at the
city level. ***,**, and * denote statistical significance at the 1%, 5%, and 10% levels, respectively. T-statistics are
reported in parentheses.

7. Conclusions
7.1. Core Findings

Using panel data from 289 prefecture-level and above cities in China spanning 2000
to 2023, this paper employs a multi-period difference-in-differences model to examine
how the joint implementation of the AAQS-2012 and the BC policy influences urban
green innovation performance. The results indicate that the dual-pilot combination is
associated with significant improvements in both the quantity and the quality of urban
green innovation. This finding holds across a range of checks, including placebo tests,
validity assessments, PSM-DID, instrumental variable estimation, exclusion of competing
policies, and re-estimation with count regression models. Mediation analysis suggests
that environmental information transparency contributes to green innovation through
three channels, namely heightened public environmental attention, stronger environmental
compliance pressure, and improved resource allocation. Further analysis indicates that
cities covered by both policies experienced greater improvements in green innovation
than cities covered by only one. These findings provide empirical evidence to inform the
design of integrated environmental governance and digital infrastructure policies, and
offer a reference for other economies facing similar challenges in balancing the scale and
the quality of green innovation.

7.2. Policy Implications

Based on the empirical findings and the theoretical analysis presented above, this
paper offers the following policy recommendations for different stakeholders.

First, the central government should strengthen top-level coordination between envi-
ronmental information disclosure and digital infrastructure policies. This entails accelerat-
ing the establishment of a unified national real-time air quality monitoring platform with
standardized pollutant indicators and mandatory disclosure rules, thereby overcoming
regional data fragmentation. To ensure comprehensive coverage, targeted fiscal transfers
should be directed to less developed central and western cities, enabling them to achieve
high-speed network connectivity for environmental monitoring stations, public environ-
mental service platforms, and official complaint channels. These measures collectively
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narrow the digital divide in environmental governance and lay the data foundation for
subsequent enforcement and participation.

Second, building on this unified data infrastructure, local governments should deploy
digital technologies to enhance the precision and credibility of environmental enforcement.
This requires regularly auditing the accuracy and timeliness of real-time air quality monitor-
ing data, imposing stricter administrative penalties for the concealment of pollution data,
and establishing public online inquiry systems for pollutant emission records. Furthermore,
intelligent enforcement systems that leverage big data, 5G, and cloud platforms should be
introduced to automatically identify abnormal emission data, reduce manual oversight
costs, and strengthen regulatory deterrence, thus forming a data-driven enforcement loop.

Third, public and media participation in environmental governance should be facil-
itated through multiple digital channels. Local governments can collaborate with news
media, environmental non-governmental organizations, and internet platforms to deliver
real-time environmental quality data to mobile terminals, simplify online pollution re-
porting procedures, and establish closed-loop feedback mechanisms that render public
oversight transparent and effective. Beyond such oversight mechanisms, demand-side
engagement should be activated through digital platforms for environmental education and
eco-labeling systems, which encourage residents to adopt green consumption preferences.
By strengthening the link between environmental awareness and consumption behavior,
sustained public attention can be converted into durable market demand for green prod-
ucts. This market pull generates continuous incentives for enterprise green innovation,
complementing regulatory pressure and fostering a self-reinforcing governance dynamic.

7.3. Research Limitations and Future Expectations

This paper has several limitations that point to directions for future research. First,
the measurement of green innovation quality is constrained by data availability. This
paper uses green invention patent applications and grants as proxies for innovation quality,
drawing on the distinction between substantive examination for invention patents and
formal examination for utility models under China’s patent system. While these indicators
can distinguish innovation quality to a meaningful degree, they do not directly capture
the technological influence or commercial value of patents. Constructing forward citation-
weighted indicators within a fixed time window would offer a more rigorous measure of
quality but is currently limited by the availability of detailed patent citation records at the
city level. Future research could match city-level patent data with citation records and
construct fixed-window citation-weighted indicators to further verify the robustness of
the conclusions. Second, the analysis is conducted at the city aggregate level and does
not examine heterogeneity at the firm level. Future research could match city-level pol-
icy data with micro-level panel data on listed firms to identify heterogeneous responses
across heavy-polluting enterprises, high-technology firms, and small and medium-sized
enterprises. Third, the staggered difference-in-differences design, while widely used in
policy evaluation, relies on the parallel trend assumption and may be affected by treatment
effect heterogeneity across adoption cohorts. Although the Goodman-Bacon decomposition
suggests that such heterogeneity does not materially affect the core estimates in this paper,
and the Callaway and Sant’Anna estimator yields broadly consistent results, future work
could apply alternative identification strategies as new methodological developments be-
come available. Fourth, the empirical findings are based on China’s centralized governance
context. Whether the complementary effect of environmental disclosure and digital infras-
tructure policies extends to institutional environments with different governance structures
requires further investigation through cross-country comparative studies.
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